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o L. SUMMARY OF WORK ACCOMPLISHED

= The work accomplished under this contract largely concerns the properties
of superconducting weak links, in the form of either small area oxide-barrier
tunnel junctions or of SNS weak links, both of which form Josephson junctions.
The four major th;usts of the work are reported i dﬁtggﬁihefour'%vhﬂﬁ:il/
Reports listed in section II of this report. The first two,concern the response of
tunnel junctions to far-infrared radiation, #22 elucidating the response under
conditions suitable for mixer and detector applications, and #25 identifying the
regimes in which chaotic noise makes the driven junction unusable for
applications. The second two reports concern the static properties of junctions:

#26 dealing with the effect of geometric disorder in large arrays of Josephson
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junctions, and #27 elucidating the properties of oxide barrier junctions that are
so small that the charging energy of a single electron dominates the behavior,
causing quantum effects which greatly modify the usual semi-classical
Josephson junction properties. Although no Technical Report has yet been
issued on the subject, in the last year of the contract” work on high temperature
superconductivity was also initiated. In the following pages, our
accomplishments in all of these ar€as are summarized.

A. Far-Infrared Response and Chaos in Small-Area Tunnel Junctions

The pioneering work of Danchi in this laboratory on the response of Josephson junctions
fabricated out of thin films of lead and tin to far-infrared (FIR) laser radiation showed that they
performed in a way that could be understood theoretically even at frequencies as high as the
superconducting energy gap. (The actual frequencies used ranged from 200-600 GHz.) To couple
the FIR radiation into the junction, it was necessary to fabricate thin-film antenna structures as an
integral part of the junction fabrication process. Another crucial requirement was the reduction of
the junction area to the order of 1 umz to minimize their capacitance, since this capacitance shunts
the FIR current around the nonlinear electronic element. It was found that junctions with
impedance high enough for good coupling to incident free-space radiation had, of necessity,
sufficiently low critical current and corresponding phase-coupling energy that noise effects play a
major role in shaping the dc I-V curve and the consequent response to the FIR radiation. Of the
various noise sources, shot noise was shown to be usually the dominant one. This is a
consequence of the high voltages of steps induced by radiation at FIR frequencies compared to
those at microwave frequencies, since the shot noise is proportional to the level of quasiparticle
current and hence the bias voltage. Taking account of this shot noise, as well as other noise

sources, we were able to give a quantitative account of the complex shapes of the dc I-V curves,
including Josephson steps, photon-assisted tunneling steps, and noise-induced premature
switching out of the zero-voltage state as the dc bias current is increaded. This work showed that
these junctions were capable of giving detection sensitivities near to the quantum limit of one _————4
electron of current change per photon. r——T
The major difficulty impeding further pursuit of these promising results was that these 0
junctions were fabricated from soft metals (Sn and Pb) and so were unable to withstand the strains =
associated with repeated cycling between room temperature and helium temperature; rather their %
characteristics would degrade, precluding their use in practical devices and making difficult even y
their study in the laboratory. To address this problem, we organized a collaboration with Dr. L.N. y‘}’;;‘"‘

Smith, then of the Sperry Research Laboratories, in which he fabricated some devices using the  wnd/or
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material and fabrication method, the configuration of these devices was similar to those studied by
Danchi, having broadly-resonant antennas and small junction area. Because of their lower
resistance (a few ohms rather than 100-200 ohms), noise-rounding effects were minimal compared
to those in the higher resistance Pb-Sn junctions, giving sharper features for detector purposes.
However, the low impedance also gave poorer coupling to the incident radiation, limiting the
number of steps that could be induced by the available laser source. Subsequently, we obtained
another batch of SNAP junctions from Dr. Cornell Chun of Sperry Labs in Minnesota. These were
deliberately fabricated so as to have higher impedance, and indeed they showed the expected better
coupling to radiation.

In the process of exploring the properties of the low-impedance junctions, we discovered that
merely reducing the FIR laser frequency from 604 GHz to a line at 419 GHz caused us to observe
I-V curves of an entirely different character from those seen earlier and so well understood; these
radical changes are due to the onset of "chaotic motions" when the junction is driven at a frequency
near the plasma frequency, which is estimated at about 400 GHz in these junctions. The observed
hallmarks include extremely high levels of low-frequency noise, subharmonic step structures
accompanied by missing integer steps, and meandering voltage levels in the I-V curve on otherwise
well-defined and flat steps.

Because time-resolved measurements of these chaotic motions are impossible at 400 GHz,
we have had to rely heavily on simulations to interpret our experimental observations. We have
done this using an RCSJ (resistively and capacitively shunted junction) model. However, in
contrast with almost all other work in this field, we have built in the gap structure in the
quasiparticle current by using a piece-wise linear resistance, equal to the normal resistance RN
above the gap and a leakage resistance R below the gap. Moreover, we have done this both in
digital simulations using either a VAX or an Apollo work station, and in analog simulations using a
home-built simulator of the Magerlein design (modified to include the non-linear resistance). Our
work has confirmed the expectations that chaos and subharmonic responses are prominent only
when the physical situation can be modelled by an ac current-drive at a frequency near or
somewhat below the plasma resonance frequency of the junction. We have also shown that the
sequence of subharmonic steps observed is critically dependent on the ratio of the drive frequency
to the plasma frequency, and that our simulations model this well enough to be able to determine
the junction plasma frequency within a few percent just from the step pattern at the (fixed) laser
frequency. A particularly elegant demonstration of this excellent modeling is made possible by
using a small magnetic field to depress the junction critical current and hence its plasma frequency,
allowing one to "tune"” through different step sequences, exactly as predicted in the simulations.

Another result of this work has been a rather quantitative verification of the importance of
genuine thermal and shot noise in modifying the results of noiseless simulations to bring them into
agreement with the experimental I-V curves. When the motion is already chaotic in the noiseless
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simulation, as when it is governed by a "strange attractor”, the addition of noise to the simulation
produces little qualitative effect on the Poincare' section of the motion, or on the experimentally
observable noise. However when the dc and ac bias is such that two different periodic attractors
are both locally stable, noise plays a crucial role in inducing noisy switching between the two.
Thus, where a noiseless simulation shows hysteresis between, say, the n=1/2 and then=2
steps, while the experiment shows none, we find that addition of an appropriate amount of noise to
the simulation closes the hysteresis loop. The "appropriate” amount is based on the voltage-
dependent shot noise modification of the usual Johnson noise. Despite the fact that our photon
energy exceeds kT, we are able to use the low-frequency limit of the frequency-dependent quantum
noise formula because the finite voltage term (shot noise) already enhances the Johnson noise, and
because we have empirically found that noise at frequencies below half the plasma frequency
dominate the reduction of hysteresis. This is an interesting and surprising result, since one would
think that noise would be most effective at the resonant plasma frequency. In fact, our simulations
show that the sensitivity to noise reaches a broad maximum at the 1/3 subharmonic of this
frequency in the case of switching between the 2/3 and 2nd step. Further work will be required to
explore the generality of this interesting observation.

In our study of these noise-induced switching effects, we have also shown that, in
simulations it is necessary to use a fictitious temperature T* which is larger than the physical one
(the thermal-shot noise Teff) by the ratio of the logarithm of the number of drive cycles in the real
experiment (~1012) o the logarithm of the number of drive cycles in the real experiment (~104).
This correction is based on the critical importance of rare peak noise pulses (as opposed to typical
rms values) in triggering switches from one attractor to another. Although only logarithmic, this
correction typically implies a 3-fold increase of T*; just such an increase is found to be required to
obtain simulations that agree with the experimental data. Suprisingly, this important quantitative
point in making realistic predictions of the effect of noise in real situations by means of simulations
running for drastically fewer cycles seems not to have been identified in previous work, except in
the work of Danchi et al. on the noise-reduction of the zero-voltage critical current.

B. Josephson Junction Arrays with Positional Disorder

Josephson junction arrays with positional disorder were studied using both experiments and
Monte Carlo simulations. We fabricated 50 x 50 arrays of Pb/Cu proximity-effect junctions, with
controlled positional disorder characterized by a parameter A*. The zero-field resistive transitions
of these samples are well described by the Kosterlitz-Thouless-Halperin-Nelson vortex-unbinding
theory. Measurements of resistance vs. magnetic field reveal rich strucutre, with pronounced
minima at integer fields, as well as higher-order structure. In samples with disorder the principal
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oscillations are found to decay linearly with field, after accounting for the effect of the magnetic
field on the critical currents of the individual junctions. The destruction of phase-coherence on
length-scales of order ¢ times the lattice parameter can be quantified by defining critical fields,

fc (@) = 1/A*, by the disappearance of structures at fields f, = p/q, where f;, is the average
number of flux quanta per plaquette, and p and q are integers. Extrapolation to q = e yields an
estimate of the critical field, f;, for the destruction of quasi-long-range phase coherence which is in
good agreement with the theoretical prediction of Garanato and Kosterlitz. However, our
experiments show no evidence for the predicted reentrant phase transition.

Our Monte Carlo simulations of XY spin systems with positional disorder reveal reentrant
behavior in the helicity modulus Y, which is the analog of the effective superfluid density in a
junction array, in a narrow range of magnetic fields near the theoretical critical field. As the
temperature decreases, Y first increases, then decreases over a narrow temperature range,
and finally increases again at low temperatures. We suggest that the complete reentrance proposed
theoretically is prevented by either finite-size effects or pinning of vortices due to the disorder.

C. Novel Quantum Phenomena and Charging Effects in Very Small Tunnel
Junctions

During the contract period, we have made remarkable progress in exploring new types of
quantum effects that occur in ultra-small Josephson junctions at very low temperatures. This
research was made possible by our recently developed clean room facility and e-beam writing
capability for patterning very small thin-film structures, developed with the motivation of studying
the properties of low capacitance junctions for detectors and mixers in the submillimeter wave
region. It also requires the use of our helium dilution refrigerator (purchased with NSF and
Harvard funds) to reach the millidegree temperature range where the quantum effects most clearly
dominate over the classical thermally activated processes. Although these experiments are aimed
purely at elucidating basic device physics, in some recent experiments a variation of the
configuration used for them has shown potential as a 3-terminal device.

The junctions studied were Sn-SnOx-Sn tunnel junctions, with areas of 0.1 (um)?2 or less, so
that their intrinsic capacitance is of order 1 femtofarad (fF). With such small capacitances, the
charging energy ¢2/2C associated with a single electron imbalance between the electrodes is
comparable with kT at 1 K, with the energy gap in the Sn banks, and with the Josephson coupling
energy Ej = hl/2e. This is a regime never before explored, especially when the temperature is
lowered by a factor of ~150 to =20 mK, where the thermal processes are almost completely frozen
out.

The most striking observation is the temperature dependence of the critical current shown in
Figure 1 (note the logarithmic scale). Focusing on the higher resistance junctions in the figure, as
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one cools below the superconducting critical temperature T, I first rises, then falls by as much as
an order of magnitude, and then rises again by a similar amount. The value at T = 0 is typically an
order of magnitude less than that of a classical junction of the same resistance, as determined by the
Ambegaokar-Baratoff relation, which is known to work well for larger junctions with lower
resistance. Moreover, for these small high resistance junctions, the measured I.(0) scales with
Rn'2 rather than scaling with R,"1 as in the conventional Ambegaokar-Baratoff regime. We can
account for both these facts by invoking the capacitive charging energy, which forces a partial
delocalizaton of the phase difference across the junctions by quantum fluctuations because of the
quantum conjugate relation between the phase and the number of transferred electrons.
Qualitatively, the spread-out probability distribution of the phase ¢ is less strongly bound to the
minimum of the Josephson coupling energy -Ej cos @ than a localized semi-classical phase variable
would be, so a smaller current (which acts to "tilt" the cosine potential) is sufficient to cause rapid
phase evolution (in the "tilt" direction) and a jump to the high-voltage (gap voltage) state.

Explanation of the entire doubly-reentrant temperature dependence of I requires inclusion of
thermal activation effects as well as these quantum effects. According to our analysis, the initial
rise near T¢ and the subsequent fall can be understood as being determined by the "retrapping”
critical current, below which the damping is sufficient to cause retrapping in the cosine potential
rather than runaway, after an initial activation. Although this reentrance arises from a classical
effect, it has never studied before because it only shows up in very high resistance junctions,
where thermal activation over the cosine potential barrier is very easy. As one cools further, the
retrapping current I continues to approach zero as the quasiparticle damping freezes out.
However, the I-V curve becomes hysteretic, with I bottoming out and rising again as one
approaches the lowest temperatures. This rise occurs at temperatures low enough to finally freeze
out the thermal activation over the barrier energy Ej.

Another remarkable observation is that these junctions show a finite resistive voltage even
below the critical current I, indicating a finite rate of phase evolution, again completely contrary to
conventional junctions in which there is no phase slip until the jump to the gap voltage at I.. Our
interpretation of this voltage is that it arises from MQT (Macroscopic Quantum Tunneling) of the
phase from minimum to minimum, which is prevented from running away because of damping
effects. We have been able to give a semiquantitative account of the value of this resistance at T=0.
Of course, as T increases, thermally-activated phase motion also plays a role. In this way we can
give at least a qualitative description of the temperature dependence of this initial resistance, which
is shown in Fig. 2.

Subsequently, we have studied an even more extreme quantum regime, obtained by
application of a magnetic field, in which the charging energy greatly exceeds the Josephson
energy. In this case, the charge variable is almost classically well defined, and the phase almost
entirely washed out by the effect of the quantum fluctuations. In this regime, we obtain I-V curves
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(see Fig. 3) which show a remarkable coexistence of the "Coulomb blockade" associated with
single electron tunneling, together with a finite “critical supercurrent”, albeit one that occurs at a
substantial voltage level (=e/2C) associated with the blockade. At present there is no available
theory that can account in any detail for our observations, which are quite unexpected. However,
we have developed phenomenological models which can account for most of the features.
Because these phenomena are sensitive to the charging energy associated with a single net
electronic charge on the electrodes, they have potential applications for very sensitive electronic
devices.

In summary, these phenomena: the severe reduction of I(0), the remarkable temperature
dependence of I(T), the existence and the temperature-dependence of the resistance Ry(T) below
I, and coexistence of Coulomb blockade and Josephson effects in a single junction are to the best
of our knowledge new observations first made by our group and our interpretations involve new
theoretical considerations.

D. High Temperature Superconductivity

We have made significant progress in understanding the phenomenology of the unusually
broad resistive transition of the new superconductors, as summarized below.

In 1987, Miiller, Takashige, and Bednorz demonstrated the existence of an "irreversibility
line" in high temperature superconductors which separates the region of reversible magnetization
near T, from the irreversible region in which measurable (and useful) persistent irreversible
supercurrents can exist. The form of this line was found to be

1-te H23

where t=T/T¢. They interpreted this result in terms of a spin-glass analogy, but in 1988 Yeshurun
and Malozemoff proposed an attractive alternative interpretation in terms of more conventional
thermally-activated flux creep ideas. In their model, they introduce a field-dependent activation
energy Ug o< Hc2§ /Bec(l-1) 32 /B, and interpret the irreversibility line as the condition for this
Uy to be so large compared to kT that nonequilibrium currents decay sufficiently slowly to give
apparently persistent currents. :

In our work, we have extended this model to the regime where Uo/kT is not so large. In that
case, instead of persistent currents, there is measurable resistance because of flux motion. We
argue that the resistance should follow the form derived in 1969 by Ambegaokar and Halperin for
the resistive transition in a heavily-damped Josephson junction. In this way, we are able to give a
natural explanation of:




1) the fact that the resistive transition of high-T superconductors gets increasingly broad
in the presence of magnetic flux (in fact, AT « B2/3);

2) the fact that the resistively determined upper critical field Ho7(T) appears to vary
as (1-t)3/2 rather than the expected (1-t), and also that it greatly underestimates the true
thermodynamic H¢p;

3) the actual shape of R(T;H) and its dependence on the quality of the material as measured
by Jco(0).

From these successes of the model, we extrapolate to the inference that it will be hard to avoid the
existence of appreciable resistance in flux-containing high temperature superconducting materials
except at temperatures far below the nominal T o

In addition to the analytical v~k described above, we have also written a more general
review of the physical properties ot ine new superconductors for publication as a chapter in the
Solid State Physics series, edited by Ehrenreich and Turnbull.
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